In the basidiomycetous yeast Cryptococcus neoformans, fusants and meiotic progeny from haploidhaploid (HH) crosses between strains of mating type a (MATa) and mating type alpha (MAT ) typically inherit mitochondrial DNA (mtDNA) from the MATa parent. In this study, we investigated the mtDNA inheritance pattern in haploid £ non-haploid crosses. A total of 420 meiotic progeny and 173 fusants were obtained from Wve crosses and analyzed for two polymorphic mitochondrial markers. The percentage of meiotic progeny and fusants inheriting mtDNA from MAT or MAT / parents ranged from 8 to 50%. The leakage was signiWcantly greater than those observed in HH crosses, indicating that mtDNA inheritance is not uniparental in haploid £ non-haploid crosses in C. neoformans. In addition, mtDNA leakage in the fusants, but not the meiotic progeny, of the MAT / £ MATa cross was signiWcantly higher than that in the MATa/a £ MAT cross, suggesting that the diploid parents with diVerent mating types contribute diVerently in determining fusant mtDNA genotype in these crosses. Flow cytometry analysis revealed that meiotic progeny population of each cross was of mixed ploidy while the ploidy level of the selected fusants ranged from diploid to triploid.
Introduction
Unlike nuclear genes and genomes, the inheritance of mitochondrial genes and genomes does not obey Mendel's laws. In the majority of sexual eukaryotes, the mitochondrial DNA (mtDNA) is inherited from only one, usually the female, parent (Birky 2001; Xu 2005) . However, the patterns of uniparental inheritance have been studied mostly in crosses between haploid gametes. In microorganisms, other types of mating are also possible. For example, in fungi, mating between diploid and haploid strains can occur (Korhonen 1978; Crandall and Caulton 1979; Niwa and Yanagida 1985) ; however, little is known about the mitochondrial inheritance in crosses between parents of diVerent ploidy levels (mixed ploidy crosses).
Cryptococcus neoformans (Filobasidiella neoformans) is an encapsulated basidiomycetous yeast that can cause meningoencephalitis in immunocompromised patients. Cryptococcus neoformans strains can be divided into two main serotypes, A and D, corresponding to var. grubii and var. neoformans, respectively. Serotypes A and D are found worldwide in both natural environments and in patients, with serotype A accounting for the majority of human infections (Franzot et al. 1999) . Most natural serotype A and D strains of C. neoformans are haploid although diploid serotype A strains have also been found (Lin et al. 2009 ). Aside from the serotypes A and D strains in C. neoformans, there are also serotype AD strains, a group of recent hybrids between strains of serotypes A and D as demonstrated by gene genealogical analyses (Xu et al. 2002) . Most serotype AD strains are either diploid or aneuploid and contain alleles typical of both serotypes A and D (Xu et al. 2000b; Lengeler et al. 2001; Chaturvedi et al. 2002; Xu et al. 2002; Xu and Mitchell 2003) . Although less common than serotype A strains, serotype AD strains can be more prevalent than serotype D strains among clinical isolates from certain geographic areas (e.g., San Francisco, CA, USA) (Brandt et al. 1996) .
Cryptococcus neoformans has a bipolar mating system with one mating type (MAT) locus that has two alternative functional alleles, MATa and MAT . The MAT locus spans »100-120 kb and contains over 20 genes (Lengeler et al. 2002; Fraser et al. 2004) . Under appropriate conditions, the haploid strains of opposite mating types, and a, can fuse. Studies have shown that the MAT locus is involved in the control of mtDNA inheritance in C. neoformans (Xu et al. 2000a; Yan and Xu 2003) . SpeciWcally, in haploid-haploid (HH) crosses between MATa and MAT parents most meiotic progeny (a.k.a. true progeny, basidiospores) inherit mitochondria from only the MATa parent (Yan and Xu 2003) . This mitochondrial inheritance pattern was also observed in fusants (the fusion products of the parental strains which precede meiosis) from opposite-sex HH crosses in C. neoformans (Yan et al. 2004; 2007a; b) . The precise mechanism by which mating type controls mtDNA inheritance has not been determined, but the master regulatory proteins Sxi1 and Sxi2a encoded by the MAT locus are involved (Yan et al. 2004 (Yan et al. , 2007a .
In many basidiomycete fungi, mating between dikaryons (two diVerent haploid nuclei in the same cell) and monokaryons (one haploid nucleus in each cell), called di-mon mating, has been shown to occur (Buller 1930; 1931; Swiezynski and Day 1960; Aylmore and Todd 1984; Coates and Rayner 1985; Xu et al. 1996) . The process that generates novel dikaryotic mycelia from di-mon mating is called the Buller phenomenon, named after the original discoverer Buller (1930) . In these crosses, a variety of genetic exchange(s) and recombination(s) can occur. An analogous process can occur in those few basidiomycetes with a diploid mycelium; for example, in the pine pathogen Armillaria gallica, subcultures of diploid-haploid pairings showed several patterns of inheritance for nuclear genes: replacement of resident haploid nuclei by diploid nuclei, recombinant nuclei, or triploidy. In contrast, the progeny mtDNA genotype is always that of the resident haploid parent (Carvahlo and Anderson 1995) . Similar genetic processes have also been observed in heterokaryonhomokaryon crosses in the commercial button mushroom Agaricus bisporus (Xu et al. 1996) .
In this study, we tested whether non-haploid and haploid mating occurs in C. neoformans and if so, what are the patterns of mitochondrial inheritance. SpeciWcally, because both diploid and aneuploid cells have been found in C. neoformans in nature, two types of non-haploid and haploid matings are possible. The Wrst is a cross between uninucleate diploid (2n) cells and haploid (n) cells (the HD crosses) and the second between haploid (n) and aneuploid (2n § j where j is the haploid number of chromosomes, 1 · j < n) cells (the HA crosses). SpeciWcally, we tested whether the MATa parent-dependent mitochondrial inheritance identiWed in HH crosses operates in HD and HA crosses as well. We hypothesized that the progeny of opposite-sex HD and HA crosses, MATa £ MAT / and MAT £ MATa/a, should inherit mtDNA from the parent carrying MATa allele(s), similar to those observed in HH crosses. To test this hypothesis, a total of 420 meiotic progeny from Wve crosses were analyzed for two mitochondrial loci. In addition, mtDNA genotypes of 173 fusants from both types of crosses were also obtained. Mitochondrial genotypes diVerent from that of the MATa allele-bearing parent were observed in all crosses. The distinct mtDNA genotypes included MAT -speciWc, recombinant, or heteroplasmic mtDNA types, collectively referred to as "mtDNA leakage," expressed in percentage over the total number of progeny. mtDNA leakage ranged from 8 to 40% of the total meiotic progeny populations. Furthermore, mtDNA leakage in the fusant populations was in the range of 17.6-50%. We discussed the potential mechanisms for the diVerent mitochondrial inheritance patterns.
Materials and methods

Strains and genetic crosses
The strains used in this study are listed in Table 1 . To determine mitochondrial inheritance patterns in the progeny of mixed ploidy crosses, we used two isogenic C. neoformans haploid strains YZX1 and YZX2. These two strains have the mitochondrial genotype typical of serotype A strains (mtA) and they diVer from each other at the mating-type locus (Yan et al. 2004) . Strain YZX1 has the MAT mating type and is auxotrophic for adenine while YZX2 is its MATa counterpart (Yan et al. 2004) . Two types of crosses, MATa £ MAT / and MAT £ MATa/a, were performed. SpeciWcally, C. neoformans YZX1 strain was crossed with two MATa/a diploid strains (R121 and R159), while the YZX2 strain was mated with three C. neoformans MAT / strains (R103, R104, and R149). Unlike strains YZX1 and YZX2, these Wve R strains had the mitochondrial genotype typical of serotype D strains (mtD) (Sun and Xu 2007) . These R strains (including two others R1-3 and R1-35 used as reference strains in this study, see below) were the products of a cross between C. neoformans haploid strains of serotype D (JEC20) and serotype A (CDC15), and their genotypes were characterized for 115 nuclear loci using codominant markers (Sun and Xu 2007) . The presence of two MATa or MAT alleles in diploid and aneuploid parents was conWrmed by real-time PCR (see below).
Strains R1-3 and R1-35 were used as reference strains for real-time PCR assays to determine gene copy numbers within individual cells. These two strains were MATa/ AD hybrids from a laboratory cross between strains CDC15 and JEC20 (Sun and Xu 2007) . Haploid MAT strains of serotype A (H99 and CDC15) and haploid MATa strains of serotype D (YZX2 and JEC20) also served as additional reference strains for real-time PCR. D14 and D15 were synthesized diploid strains from Joe Heitman's lab at Duke University and their ploidy levels were conWrmed by Xow cytometry analyses (Sia et al. 2000) . JEC20, JEC21, and JEC50 are conWrmed haploid strains (Sia et al. 2000) .
Mating experiment
Parental strains were pre-grown on YEPD agar (1% Bacto Yeast Extract, 2% Dextrose, 2% Bacto Peptone, 1.8% Difco Agar) and then a small amount of the cells was suspended in 0.3 mL sterile water. Mating mixtures were performed on V8 juice agar [4.5% V8 vegetable juice (Campbell Soup Co., Etobicoke, Ontario, Canada), 0.5 g/L KH 2 PO 4 , 4% Difco Agar, pH »7.0] by spotting 20 L of each parental cell suspension. Single parental strains were spotted as negative controls in the vicinity of each other on the same V8 plates to test for self-Wlamentation behavior. The plates were incubated for 32 days in the dark at 25°C. At the end of the incubation period, agar containing hyphal Wlaments and spores were cut from the hyphal area away from each mating spot, suspended in 0.5 mL sterile water, and then streaked to isolate pure meiotic progeny for analysis (Xu et al. 2000a ). In addition, individual basidiospores from one of the crosses were isolated by micromanipulation with the aid of a manual micromanipulator (Singer MSM, Somerset, UK).
In addition to analyzing meiotic progeny, fusants of the two crosses, R103 £ YZX2 and R159 £ YZX1, were also obtained. The fusants are the fusion products of the parental strains. The crosses were set up on V8-juice agar and incubated in the dark at 25°C for about 1-3 days before any signs of Wlamentation. Serial twofold dilutions of cell suspensions were prepared. Fusants were selected on SD minimal medium [2% dextrose, 2% Difco agar, 0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.5% (NH 4 ) 2 SO 4 ] supplemented with 220 ng/mL G418 disulfate salt (Sigma). Since the haploid YZX1 and YZX2 parents are ade2 NEO (G418 resistant, G418 r ) while the non-haploid strains are prototrophic and G418-sensitive (G418 s ) (Table 1) , the fusants were expected to be wildtype and G418-resistant (G418 r ). Thus, unlike the parental strains, the fusants can grow on the selective medium. The ade2 genotype is a recessive mutation that abolishes the adenine biosynthetic pathway and leads to the accumulation of a cell-limited pink-red pigment in the cell cytoplasm only in haploid or homozygous diploid cells. In contrast, the NEO genotype results from a dominant marker that (Table 1) . However, we were unable to make them mate and produce recombinant progeny or fusants.
Mitochondrial genotyping
The mtDNA genotypes of the meiotic progeny and fusants were determined using the natural polymorphisms at the ND2 and ND5 loci between the mitochondrial genomes of serotype A and D strains (Supplemental Table 1 ). While there is no intron in the ND5 gene of the mtA-type genome, there is one intron within the ND5 coding sequence of the mtD-type genome (Litter et al. 2005; ToValetti et al. 2004) . At the ND2 locus, the mtA and mtD-type genomes had diVerent PvuII and ScaI restriction digestion patterns that could be easily distinguished through PCR ampliWcation, restriction enzyme digestions, and gel electrophoresis. The conditions for PCR, agarose gel electrophoresis, and scoring followed those of Yan and Xu (2003) and ToValetti et al. (2004) . MtDNA genotypes may be diVerent from either parent due to mtDNA recombination or heteroplasmy. SpeciWcally, cells that inherited ND2 gene from one parent and ND5 from the other parent, or the opposite, were considered to have recombinant mtDNA genotypes. In contrast, cells heteroplasmic for mtDNA would contain one or both mtDNA genes from both parents (i.e., they would be heterozygous for ND2 and/or ND5 alleles). Heteroplasmic or recombinant mtDNA genotypes of the selected cells were reconWrmed by repeated PCR and PCR-RFLP analysis.
Statistical analyses
MtDNA leakages in fusants and meiotic progeny of each cross were compared with those previously determined for HH crosses. Statistical signiWcance of the comparisons was determined using the chi-square test on a two-by-two contingency table with 1 degree of freedom (df). P values of <0.05 were considered statistically signiWcant.
Segregation analysis
To conWrm that the basidiospores isolated in this study were true meiotic segregants, a test for independence of the two nuclear markers, ade2 and NEO, was conducted on a number of meiotic progeny from each cross. The cells analyzed included all meiotic segregants used in ploidy analysis (see below). Progeny cells stored in a ¡80°C freezer were pre-grown on YEPD medium, washed with H 2 O, and analyzed for the ade2 auxotrophic marker by streaking on the minimal medium SD. The Ade ¡ phenotype was conWrmed by the formation of pink colonies when grown on SD medium supplemented with adenine (0.2 g/L). Sensitivity of basidiospores to G418 was conWrmed by growth/nogrowth on SD medium supplemented with 220 ng/mL G418 disulfate salt. The parental strains were used as controls. Cells were incubated at room temperature for 3 days.
Cell wall and nuclear staining
Morphological features of C. neoformans haploid £ nonhaploid matings were examined using Xuorescence microscopy. Crosses were set up on V8 medium (pH 5) as described above for mating reactions. The dikaryotic nuclear condition and clamp connections of the developing Wlaments were analyzed by staining with DAPI in SlowFade Gold from Molecular Probes (Invitrogen) and calcoXuor white (Difco), respectively, as described in Lengeler et al. (2001) and Nielsen et al. (2003) .
Determination of gene copy number by real timepolymerase chain reaction (RT-PCR) assays
We used RT-PCR to conWrm the diploid condition of the MAT chromosome in the parental strains. RT-PCR primers were designed for a locus on the MAT chromosome (STE20a and STE20 ), and a locus on one autosome (chromosome 10: CNJ00540) (Supplemental Table 1 ) using two internet-based interface programs, Primer-3 and Oligonucleotide Properties Calculator [http://www.basic.northwestern.edu/biotools/oligocalc.html]. Samples were ampliWed using Platinum ® SYBR ® Green qPCR SuperMix-UDG (Invitrogen™) in a 96-well plate (Applied Biosystems™). Individual real-time PCR reactions were carried out in 20 L volumes containing 10 L SuperMix, forward and reverse primers (each at a Wnal concentration of 0.2 M), 0.8 L of ROX Reference Dye (1:10), sterile H 2 O, and 4 L of genomic DNA in four Wvefold serial dilutions. DNA extraction was done according to Xu et al. (2000a) . RT-PCR was performed in the Stratagene MxP3000 Real Time System, using the same program for all genes: 2 min of hold at 50°C (UDG incubation), 2 min of pre-incubation at 95°C followed by 40 cycles for 15 s at 95°C and 30 s at 62°C. A no-template control (complete ampliWcation mixture without adding genomic DNA) was included in every RT-PCR experiment series to monitor for contaminants and primer-dimer formation. Melting curves were acquired and analyzed at the end of each reaction to control for speciWcity; a speciWc reaction should have a single melting peak corresponding to the PCR product being ampliWed.
To conWrm that there were two copies of MATa and MAT genes in the diploid or aneuploid parental strains, the 2 ¡ Ct method of relative quantiWcation (Livak and Schmittgen 2001) was adapted with some modiWcations. SpeciWcally, two sets of primers speciWc for each of the target genes, serotype A MAT (STE20 A) and serotype D MATa (STE20aD), and one primer pair that could amplify both serotype A-and serotype D-speciWc alleles of an internal reference gene CNJ00540 were designed and analyzed (Supplemental Table 1 ). CNJ00540 encodes an orthologue of the well-characterized S. cerevisiae gene LYS2 encoding alpha-aminoadipate reductase. The serotype D allele at locus CNJ00540 can be recognized and cut with the restriction enzyme HaeIII while the serotype A allele cannot be digested by this enzyme. The CNJ00540 locus was chosen since all the diploid and aneuploid parental strains were heterozygous at this locus (Sun and Xu 2007) . The average cycle threshold (Ct) was calculated for each target gene and the internal control gene and the Ct (Ct, target gene-Ct, CNJ00540) was determined. We then calculated the mean Ct across all dilutions of the same sample. It was expected that the presence of both the target gene and the reference internal gene with the same copy number (1 or 2) in a sample would give Ct value not signiWcantly diVerent from zero ( Ct = 0 in ideal situation). Here, genomic DNA extracted from C. neoformans H99, CDC15, JEC20, and YZX2 (all known to harbour a single copy of the STE20 and the CNJ00540 genes) were used as haploid calibrators. In contrast, a twofold diVerence in copy number of CNJ00540 over STE20 would generate Ct twice of that in the strains R1-3 and R1-35 strains. This is because R1-3 and R1-35 have a single copy of both the MATa and the MAT alleles (Table 1 ) and both are heterozygous at CNJ00540. All other parental R strains were also heterozygous at CNJ00540, as conWrmed by PCR-RFLP. RT-PCR reaction eYciency and relative eYciency of ampliWcation of STE20 and CNJ00540 genes were calculated according to Ferreira et al. (2006) .
Determination of ploidy by Xuorescence activated cell sorting (FACS)
The ploidy of the parents, selected fusants and meiotic progeny from each cross was determined by Xow cytometry similar to the protocol used by Lin et al. (2008) . BrieXy, cells were harvested from YEPD medium, washed once in phosphate-buVered saline (PBS), and Wxed in 1 mL of 70% ethanol overnight at 4°C. Fixed cells were washed once with 1 mL of NS buVer (10 mM Tris-HCl [pH 7.6], 250 mM sucrose, 1 mM EDTA [pH 8.0], 1 mM MgCl 2 , 0.1 mM CaCl 2 , 0.1 mM ZnCl 2 , 0.4 mM phenylmethylsulfonyl Xuoride, 7 mM -mercaptoethanol), stained with propidium iodide (Fluka BioChemika) (0.5 mg/mL) in 0.2 mL of NS buVer containing 0.02 mL RNase A (1 mg/mL), and incubated with agitation at 4°C overnight. Then 0.04 mL of stained cells was diluted into 1 mL of 50 mM Tris-HCl (pH 8.0) and sonicated for 13 s using a Fisher ScientiWc* Model 100 Sonic Dismembrator. Flow cytometry was performed with 10,000 cells on a Becton-Dickinson LSR II. Strains JEC20, JEC21, and JEC50 were used as haploid controls, while D14 and D15 were used as diploid controls. Cells were Wrst checked for proper nuclear straining by Xuorescence microscopy and the stained cells were then analyzed by Xow cytometry using the PE-A channel. The images of the samples were overlaid using WEASEL v2.6 software (http:// www.wehi.edu.au/cytometry/WEASELDevelopment.html).
Results
Parental strains: sterility, ploidy and copy number of MAT locus
We Wrst performed a series of experiments to examine the ploidy of the strains (R103, R104, R121, R149, and R159) used in the haploid £ non-haploid crosses that were generated from a previous serotype A £ serotype D cross. After 32 days of incubation on V8 agar, none of these strains produced hyphal Wlaments. The presence of the opposite-mating type cells on the plate did not result in another parent exhibiting self-Wlamentous behaviour.
Fluorescence microscopy for nuclear straining revealed that the MATa/a and MAT / strains derived from the serotype A £ serotype D cross were all uninucleate yeast cells. FACS analysis showed that all AD strains except R149 were diploid (FACS proWles of the control strains and the parental strains are shown in Fig. 1c and Supplemental  Fig. 1, respectively) . The FACS proWles of these strains overlapped with those of the diploid control strains D14 and D15. Strain R149 showed a scatter proWle in between haploid and diploid strains and was likely an aneuploid (2n ¡ j).
The diploid nature of the parents was also supported by the examination of the strains' genotypes for 115 genes on fourteen chromosomes determined previously by PCR-RFLP analysis (Sun and Xu 2007) . Strains R103, R104, and R121 were heterozygous for a variable number of genes on all chromosomes, suggesting the presence of two complete sets of the chromosomes. Strains R159 and R149 were heterozygous for all genes on 13 and 12 chromosomes, respectively, while they were homozygous for serotype A and D genes on chromosome 4. We demonstrated that these two strains, nonetheless, had two copies of chromosome 4 as well since the presence of two genome equivalents of the MAT encoded locus STE20 was conWrmed by RT-PCR (see below). Strain R149 likely contained a single copy of chromosome 13 (2n ¡ 1) since it contained alleles from only the serotype A parent on all six loci examined on this chromosome. However, we cannot exclude the possibility that part or all of chromosome 13 was present in two copies in strain R149 and all these markers were homozygous for the serotype A-speciWc alleles.
The presence of two (serotype A-and D-speciWc) CNJ00540 alleles in all diploid/aneuploid parents as well as in the MATa/ calibrator strains R1-3 and R1-35 was conWrmed by PCR-RFLP analysis (digestion patterns for AD parents are shown in Fig. 1a) . Therefore, the ratio of STE20 A (or STE20aD) allele to CNJ00540 allele was expected to be 1:2 in the calibrators and 1:1 in control haploid strains. The Ct values of the haploid controls were similar to those of the diploid/aneuploid parents (Fig. 1b) . In contrast, Ct of the calibrator strains R1-3 and R1-35 were more than twice of the latter values. This suggested the presence of two copies of MAT allele in strains R103, R104, and R149 and two copies of the MATa allele in R121 and R159 strains (Fig. 1b) . The individual PCR eYciency for each gene was in a 90-110% range (data not shown). The relative eYciencies of STE20 and CNJ00540 genes of each strain were similar. In all cases, post-RT-PCR melting curve analysis demonstrated a consistent melting point of 84.4, 80.6, and 87.6°C for STE20 A, STE20aD and CNJ00540 genes, respectively (data not shown), suggesting that the selected primers were speciWc for the targeted genes.
The presence of two genome equivalents of the MAT locus in three diploid parents (R103, R104, and R121) was further supported by the examination of the strains' genotypes for other genes on chromosome 4 (Sun and Xu 2007) . Out of eleven Chromosome 4 genes analyzed in a previous study, strains R103, R104, and R121 were heterozygous for three, Wve, and one loci, respectively, consistent with the presence of two copies of chromosome 4 in these strains.
MtDNA types of meiotic progeny and fusants
A gel demonstrating the scoring of polymorphisms at the mitochondrial ND5 and ND2 genes for the parental and control strains are shown in Fig. 2 . MtDNA leakage in the meiotic progeny populations of MAT / £ MATa crosses ranged from 18.3 to 40% (Table 2, crosses No. 1, 2, and 3). Despite the variation in mtDNA leakage, the majority of the meiotic progeny in each cross inherited mtDNA from the MATa parent. Progeny homoplasmic for MAT / c FACS proWles of the haploid control strain JEC21, diploid control strain D15, and fusant R9Z-2 from the R159 £ YZX1 cross. 1n, 2n, 3n, 4n, and 6n indicate nuclear DNA content. The x axis indicates Xuorescence intensity reXecting the DNA content and the y axis indicates cell count mtDNA were the second most abundant, accounting for »10-39% of all the progeny in each cross (Table 2, crosses No. 1, 2, and 3). Recombinant mtDNA types were rare among the progeny and comprised »1-8% of the population (Table 2, crosses No. 1, 2 and 3). No heteroplasmic progeny were identiWed (Table 2, crosses No. 1, 2, and 3). MtDNA leakage among the progeny from the cross R149 £ YZX2 was signiWcantly higher than that in the R104 £ YZX2 cross (chi-square test, df = 1, P < 0.01) but it was not diVerent from that of the other cross between R103 £ YZX2. The fusants from the R103 £ YZX2 cross showed 50% mtDNA leakage (Table 2, cross No. 1a), signiWcantly higher than that of the meiotic progeny population of the same cross (chi-square test, df = 1, P < 0.01). The percentages of cells with MAT / mtDNA and recombinant mtDNA among the fusant population closely resembled those of the meiotic progeny of the R103 £ YZX2 cross (Table 2, crosses No. 1 and 1a). However, unlike the meiotic progeny population, cells heteroplasmic for mtDNA were present in the fusant population of this cross and comprised »7% of the fusant population ( leakage in the progeny of the R121 £ YZX1 cross was entirely due to the inheritance of the MAT mtDNA (Table 2) . This leakage was signiWcantly lower than that in the progeny of the other cross of this type, R159 £ YZX1 cross (chi-square test, df = 1, P < 0.01), as well as the lowest among the progeny populations of all the crosses analyzed. Nevertheless, the percentages of meiotic progeny homoplasmic for MAT mtDNA in the MATa/a £ MAT type crosses were in a similar range (8-33%) as those in MAT / £ MATa pattern of mating ( Table 2 ). The two types of crosses, however, diVered in the percentage of progeny with recombinant mtDNA type. SpeciWcally, no recombinant mtDNA genotypes were identiWed among the meiotic progeny populations of the MATa/a £ MAT crosses. In addition, progeny heteroplasmic for mtDNA were detected in the R159 £ YZX1 cross only, representing 2.4% of the population (Table 2, cross No. 5). In the latter cross, the mtDNA leakage in the progeny population was 35%, which is almost twice of that observed in the fusant population (17.6%) (Table 2, crosses No. 5 and 5a). This diVerence was statistically signiWcant (chi-square test, df = 1, P < 0.05). The two populations also diVered signiWcantly in the percentage of cells homoplasmic for MAT / mtDNA (chi-square test, df = 1, P < 0.01). Nearly 12% of the fusants in the R159 £ YZX1 cross inherited the MAT mtDNA which is about a third of that in the meiotic progeny population of this cross. Similar to that of the R103 £ YZX2 cross, cells heteroplasmic for mtDNA were present among the fusants from the R159 £ YZX1 cross and comprised »5% of the population (Table 2, cross No. 5a). For mtDNA genotypes of individual fusant and meiotic progeny at ND2 and ND5 loci, please refer to Supplemental Tables 3A to 3G.
The above-described fusants and basidiospores were obtained from those randomly germinated and formed colonies on our selective media. To examine whether our analyzed basidiospore population was representative of the original basidiospore population, we analyzed 49 basidiospores obtained directly by micromanipulation from the hyphae produced by mating between R121 and YZX1 strains (Supplemental Fig. 2 , Supplemental Table 4 ). The majority of basidiospores (42/49, 85.7%) inherited mitochondria from the MATa/a parent, 8.2% had the MAT parent-speciWc mtDNA type, and the rest (6.1%) were heteroplasmic with mtDNA from both parents. This leakage was not signiWcantly diVerent from the 8% leakage observed among the 88 meiotic progeny isolated by picking randomly germinated spores (chi-square test = 1.42, df = 1, P > 0.05) (R121 £ YZX1 cross in Table 2 and Supplementary Table 4 ). This result suggested that the randomly germinated spore population used in the initial screening was representative of the whole meiotic progeny population in these crosses.
Segregation analysis of ade2 and NEO in meiotic segregants
As expected based on Mendelian segregation, cells with both parental (Ade ¡ G418 r and Ade + G418 s ) and recombinant (Ade ¡ G418 s and Ade + G418 r ) phenotypes were observed among the meiotic segregants of each cross (Table 3) . Most of the progeny exhibiting a parental genotype Table 2 Mitochondrial inheritance in mixed ploidy crosses a Crosses 1a and 5a show mitochondrial inheritance in fusants b "Percent leakage" refers to the proportion of progeny that are not homoplasmic for mtDNA from the MATa (or MATa/a) parent over the total number of progeny assayed in each cross * Percent leakage in the meiotic progeny of cross No. 3 is signiWcantly higher than that in the cross No. 2, P < 0.01 (chi-square test, df = 1). Percent leakage in the progeny of cross #5 is signiWcantly higher than that in the cross No. 4, P < 0.01 (chi-square test, df = 1). Percent leakage in the fusants and meiotic progeny of the same cross (crosses No.1 and 1a; 5 and 5a) was statistically diVerent, P · 0.01 (chi-square test, df = 1) had a mtDNA type and/or ploidy level diVerent from that of the parental strain (Table 3 , Supplemental Table 2 ). However, a 1:1:1:1 genotypic ratio was not observed. Our results are not un-expected. Although a result of equal segregation and independent assortment, the 1:1:1:1 ratio is characteristic of the F1 population of a cross in which the parents have the same copy number of gene/allele of interest. In the case of haploid £ non-haploid cross e.g., MAT / £ MATa, the haploid parent had one copy of mutant ade2 gene whereas a non-haploid parent had two copies of wildtype Ade. An unequal ratio ade2:ADE2 (1:2) in the parental strains would result in more meiotic segregants displaying the Ade + phenotype (Table 3) . Moreover, the phenotype of an individual basidiospore would also be inXuenced by its ploidy level. In other words, in a MAT / £ MATa cross the majority of meiotic segregants with ploidy levels ranging from 2n ¡ j and more (e.g., 2n, >2n) would be expected to have the Ade + phenotype. This is exactly what we observed (Supplemental Table 2 ). Thus, given that the meiotic progeny of both types of crosses, MAT / £ MATa and MATa/a £ MAT , had variable ploidy levels (Supplemental Table 2 , Supplemental Figure 1 ), the progeny genotypic ratio is expected to be distinct for each cross. The results of the segregational analysis thus provided robust evidence that the progeny cells analyzed were consistent with a meiotic origin. This was further supported by obtaining similar segregational analysis results of the individual basidiospores isolated by micromanipulation (Supplemental Table 4 ). SpeciWcally, 11 out of the 49 basidiospores, which were derived by micromanipulation, had recombinant nuclear phenotypes (Ade ¡ G418 s or Ade + G418 r ). Among the basidiospores with parental nuclear phenotypes, 9 had a mtDNA type diVerent from the parental strain with the same nuclear phenotype. Moreover, the trend observed was closely reminiscent of that obtained by analyzing randomly germinated meiotic progeny in the R121 £ YZX1 cross (Table 3, Supplementary Table 4 ). In particular, most of the meiotic progeny (isolated by either method) that had the MATa/a parental nuclear phenotype (R121: Ade + G418 s ) inherited mtDNA from the MATa/a parent (6/6 and 29/35). Similarly, the majority of meiotic progeny with MAT parental phenotype (YZX1: Ade ¡ G418 r ) inherited the mtDNA type of the other parent (18/20 and 3/3).
Ploidy level of meiotic progeny and fusants
In total, 20 fusants and 76 meiotic progeny representing all crosses were tested for ploidy by FACS (Supplemental Table 2 , Supplemental Figure 1 ). In both types of crosses, mating products of various ploidy level were found, including haploid, aneuploid (2n § j), diploid, and likely triploids. Since we did not have a positive triploid control, it was diYcult to distinguish between aneuploids close to the triploid level and true triploid cells. Therefore, the ploidy of these cells were referred to as >2n. Nine out of 19 meiotic progeny from the MATa/a £ MAT crosses were >2n, whereas 4 out of 57 meiotic progeny from MAT / £ MATa crosses were >2n. This diVerence was statistically signiWcant P < 0.01 (chi-square test, df = 1). In contrast, 15 out of 20 fusants screened were >2n and the remaining Wve were diploid (2n) (Supplemental Table 2 , Supplemental Fig. 1 ). There was no association of cell ploidy with mtDNA type among the meiotic progeny or the fusants.
Morphological features of C. neoformans haploid £ non-haploid mating All Wve matings produced Wlaments characteristic of mating. Staining with calcoXuor white revealed the production of long hyphal Wlaments linked by fused clamp connections (Fig. 3a) . The Wlaments contained paired nuclei (dikaryons) (Fig. 3c) and produced fertile basidia with four chains of basidiospores (Fig. 3b) . The basidiospores from each cross remained viable after at least forty rounds of cell division as revealed by eVective colony formation on YEPD agar. In brackets, number of meiotic segregants with diVerent mtDNA type. In bold, number of meiotic progeny with mtDNA genotype and phenotype that are identical to the parental strain. Some of the meiotic progeny in bold had a ploidy level diVerent from that of the parental strain (Supplemental Table 2 and Supplemental Fig. 1) . "a" for the MATa (MATa/a) parent-speciWc mtDNA, "alpha" for the MAT (MAT / ) parent-speciWc mtDNA, "rec" for the recombinant mtDNA Successive re-streaking was part of cell preparation for mtDNA genotyping, FACS analysis, and Xuorescent microscopy.
Discussion
The patterns of mitochondrial inheritance have been of great interest to scientists ever since the discovery in the 1960s that mitochondria have their own DNA and their own patterns of inheritance. Mitochondria are the "energy factory" of the cells, play essential roles in cell metabolism and survival, and were derived from an ancient bacterial endosymbiosis event; therefore, the factors controlling mitochondrial inheritance are likely conserved. In this study, we analyzed progeny from haploid £ diploid and haploid £ aneuploid crosses and identiWed mtDNA inheritance patterns signiWcantly diVerent from those between haploid strains. Our study enhances the understanding of the diversity of mtDNA inheritance patterns in sexual eukaryotes.
In the study, we used sterile haploid and non-haploid (i.e., diploid and aneuploid) strains as parents in crosses. Parental sterility was conWrmed by the absence of hyphal production after 32 days of incubation in the vicinity of each other on V8 plate. Although incapable of sexual reproduction on their own, the paired parental strains were sex compatible as revealed by the formation of hyphae. The latter had all the features characteristic of opposite-sex mating in serotype D C. neoformans such as dikaryotic hyphae with septa and fused clamp connections (Fig. 3a, c, d) , and club-shaped basidia bearing four spore chains (Fig. 3b ) (Kwon-Chung 1975) . The sterility of the parental strains strongly suggests that the mycelium could not have originated from the haploid and/or diploid fruiting stimulated by pheromones produced by the strain with the opposite mating type. Haploid fruiting Wlaments are distinct for being monokaryotic and having unfused clamp connections (Wickes et al. 1996) . That the isolated meiotic progeny were true meiotic progeny was further conWrmed by the results of the segregation analysis. The presence of cells with the recombinant phenotypes (Ade + G418 r and Ade ¡ G418 s ), the parental phenotypes (Ade ¡ G418 r and Ade + G418 s ) but a non-parental mtDNA type and/or ploidy level (Supplemental Table 2 ) as well as the prevalence of Ade + phenotype among the meiotic progeny with ploidy level of at least 2n ¡ j (including 2n, >2n) provide robust evidence that the cells analyzed were indeed meiotic segregants. The conclusion was further supported by similar marker segregational patterns among basidiospores isolated directly through micromanipulation (Table 3, Supplemental  Table 4 ).
In C. neoformans, mtDNA is inherited almost exclusively from the MATa parent in opposite-sex HH crosses (Yan and Xu 2003) . Three hypotheses have been proposed to explain the uniparental pattern of mtDNA inheritance in this species. The selective degradation model argues that MAT mtDNA is selectively tagged and destroyed following cell fusion (Yan and Xu 2003) . Evidence for the selective elimination of the mating type-speciWc mtDNA in controlling mtDNA inheritance in isogamous species has been shown in zygotes of the unicellular alga Chlamydomonas reinhardtii (Gillham 1994) . Alternatively, the MAT nucleus may migrate unidirectionally into the MATa cell while leaving its mitochondria behind. The fusion product, as a result, would preferentially contain MATa mitochondria (Yan et al. 2004 ). However, these two hypotheses are not mutually exclusive and may be complemented by the third mechanism, the non-random budding of zygotes after mating and cell fusion. According to the third mechanism, the parental cytoplasms might not be mixed completely after mating, and hyphal or bud formation occurs preferentially from the MATa parent side of the zygote (Yan and Xu 2003) . Here, we discuss the relevance of the observations made in this study to these hypotheses.
A signiWcantly greater mtDNA leakage was observed in all crosses in this study than in the earlier HH crosses reported by Yan and Xu (2003) . SpeciWcally, the overall mtDNA leakage in the meiotic progeny of seven HH crosses between JEC20 and JEC21-mtA was 0.5% (Yan and Xu 2003) . This leakage diVered signiWcantly from 8 to 40% mtDNA leakage observed in the meiotic progeny populations in this study (Table 2 ) (chi-square tests, P < 0.01 in all pairwise tests). In addition, mtDNA leakage in the basidiospores obtained by micromanipulation in this study (Supplemental Table 4 ) was signiWcantly greater than in those of the HH crosses in Yan and Xu (2003) ; providing further evidence for greater mtDNA leakage in the progeny of haploid £ non-haploid crosses than in the opposite-sex HH crosses in C. neoformans. Similarly, 17.6-50% mtDNA leakages in the fusants of the HD crosses (Table 2) were signiWcantly higher than those identiWed in the various HH crosses (0-8%) (Yan et al. 2004; 2007a; b) (chi-square test, P · 0.05). Although the leakage frequency was higher than those found in HH crosses, mtDNA inheritance, except for the fusant population of the R103 £ YZX2 cross (Table 2 , cross No. 1a), was still biased towards the MATa (i.e. MATa or MATa/a) parent. This suggests that additional factors besides the MAT locus are involved in the control of mitochondrial inheritance in mixed ploidy crosses in C. neoformans. Ploidy of the parents could be one of the potential factors. An increase in ploidy level is often paralleled with an increase in cell size. FACS analysis revealed that this relationship holds true for C. neoformans: diploid cells of C. neoformans are larger in size than haploid cells as conWrmed by Xow cytometry and light microscopy in Lin et al. (2008 Lin et al. ( , 2009 . A positive correlation between ploidy level and cell size has been also observed in other fungal species such as Saccharomyces cerevisiae and Candida albicans (Galitski et al. 1999; Hubbard et al. 1985) . Assuming that the cytoplasm of the two parental cells is completely mixed in haploid £ non-haploid crosses, a greater proportion of the cytoplasm in the fusants would come from the parent with a higher ploidy level. The latter would thus also contribute a greater amount of its mitochondria than a haploid parent. However, biased cytoplasmic inputs alone could not explain the higher level of mtDNA leakage observed in the MATa/a £ MAT (cross No.5) compared to those in MAT / £ MATa crosses No. 1 and 2 ( Table 2 ).
The parental cell size's eVect on mitochondrial inheritance in fusants of HD crosses is also consistent with the model of selective degradation of the MAT mtDNA. In a typical opposite-sex HH cross, the parental cells are isogamous, contributing the same amount of cytoplasm (and likely similar number of mitochondria) to the fusion product. Therefore, immediately after the fusion of the two parents, the ratio of MATa-to-MAT mtDNA should be about 1:1. Later on during the course of mating as factors responsible for the selective degradation of MAT mtDNA are activated, the initial mtDNA ratio would change dramatically in favor of the MATa mtDNA in HH crosses (0.5% leakage in Yan and Xu 2003) . For still unknown reason(s), a dramatic decrease in the MAT or MAT / mtDNA following the fusion of the parental strains might not have occurred in the opposite-sex HD crosses (Table 2) . However, we did observe that the fusants from MATa/ a £ MAT cross were more eVective at eliminating mtDNA from the MAT allele-bearing parent (17.6% leakage) than those of MAT / £ MATa cross (50% leakage) ( Table 2, crosses No. 5a and 1a). In the MAT / £ MATa cross, the cytoplasmic contribution of the MAT / diploid parent to the fusion products was probably higher than that of the MATa parent, resulting in the numerical dominance of MAT mtDNA. Higher numbers of MAT mtDNA might have interfered with the selective tagging and degradation process, which would explain a higher percentage of fusants with MAT mtDNA (Table 2, cross No. 1a). In contrast, the MAT mtDNA elimination process seems to operate more eYciently when MATa mtDNA is present in numbers higher than MAT mtDNA, as shown in the fusion products of MATa/a £ MAT cross (Table 2, cross No. 5a). Nevertheless, the proposed explanation alone does not account for the higher percent leakage observed in the fusants of MATa/a £ MAT than in a typical opposite-sex HH cross.
Aside from cell size eVect, genetic factors other than those at the mating-type locus were likely involved in contributing to the diVerences in leakage between the MATa/ a £ MAT and the MAT / £ MATa crosses. It is also possible that interactions between nuclear and mitochondrial genes and genomes could contribute to the diVerences. For example, in the wheat pathogen Phaeosphaeria nodorum, there was evidence for signiWcant cytonuclear disequilibrium that was correlated to diVerences in Wtness among mtDNA haplotypes (Sommerhalder et al. 2007 ). In HH crosses in C. neoformans, the SXI1alpha and SXI2a genes located within the mating-type locus controlled mitochondrial inheritance (Yan et al. 2004 (Yan et al. , 2007a . Since these two genes are interacting transcription factors (Hull et al. 2002 (Hull et al. , 2005 , they determine mtDNA inheritance likely through controlling the expression of other genes, including those not within the MAT locus (Yan et al. 2007a ). The signiWcant diVerences in mtDNA inheritance patterns between HD (or HA) and HH crosses may be due to ploidy-speciWc genetic factors in C. neoformans. Adenine auxotrophy of the haploid parents YZX1 and YZX2 is very unlikely to be responsible for the elevated mtDNA leakage of the progeny of the mixed ploidy crosses. These strains were also used in the studies of mitochondrial inheritance in MATa £ MAT HH crosses in C. neoformans described previously and were found to have no eVect on mtDNA inheritance (Yan et al. 2004; Yan et al. 2007a, b) . The highest mtDNA leakage observed in the latter was 8% (Yan et al. 2007b) , which is signiWcantly lower than the maximum 50% mitochondrial leakage found in the haploid £ non-haploid crosses (x 2 , P < 0.01). An investigation was attempted to diVerentiate mechanisms controlling mtDNA inheritance with diVerential staining of mitochondria or mtDNA of the parental cells during mating on V8 agar. One method used the vital dyes MitoTracker Green and Rhodamine B (Invitrogen) that accumulate speciWcally in mitochondria. Although the mated and unmated cells remained viable and showed good Xuorescence of the mitochondria, immediately after mating the dyes merged, i.e., all mitochondria of a zygote were stained with both dyes, likely due to the constant redistribution of the dyes between the cytoplasm and mitochondria (T. J. Collins, personal communication). A second method tested was Xuorescent in situ hybridization (FISH) using oligonucleotide probes speciWc to the mtDNA of var. grubii and var. neoformans following the hybridization protocol of Röder et al. (2007) with minor modiWcations. A high level of autoXuorescence, a common pattern in Cryptococcus species, also prohibited us from diVerentiating the parental mitochondria when using FISH. Future research will use GFP and RFP-tagged mitochondrial proteins to determine the localization of MATa and MAT mitochondria during the early mating process.
The mtDNA leakage observed in the fusant populations of both types of mixed ploidy crosses diVered signiWcantly from those in the meiotic progeny (Table 2, crosses No. 1 and 1a; 5 and 5a). SpeciWcally, the fusants typically have on average higher ploidy levels than meiotic progeny (Supplemental Table 2 , Supplemental Figure 1 ), and they were prevented from Wlamentation and dikaryon formation after mating due to the short mating period on V8 agar and postfusion selection at a high temperature (37°C) that was not conducive for Wlamentation. The observed extensive variation in mtDNA leakage in the Wve crosses (Table 2 ) thus seemed to favor the hypothesis of a random budding pattern of the newly formed zygotes in their production of daughter cells in our HA and HD crosses. The eVect of zygote bud position on progeny mtDNA inheritance has been demonstrated in S. cerevisiae. In S. cerevisiae, the cytoplasms from the two opposite mating type haploid parents do not fuse completely, and the positions where the daughter buds are formed have a signiWcant eVect on the daughter mitochondrial genotype (Stevens 1981) . If random budding operates in C. neoformans mixed ploidy crosses, the MAT (MAT / ) mtDNA would end up in the mating product whenever the bud formation occurred from the side of the zygote containing this mtDNA. A greater number of MAT mitochondria and mtDNA molecules in the zygote will likely increase the likelihood of obtaining heteroplasmic fusants with MAT mtDNA (Table 2, cross No. 1a).
Isolation of mating products of diVerent ploidy in both types of haploid £ non-haploid crosses was consistent with the outcome of triploid meiosis. Aneuploids are common among the meiotic segregants of triploid cells, as has been shown in S. cerevisiae (Campbell et al. 1981 ) and the Wssion yeast Schizosaccharomyces pombe (Niwa and Yanagida 1985) . In triploid meiosis the segregation of the three homologs triad is expected to be two-by-one; that is, half of the meiotic products should be disomic (n + 1) for any given chromosome while the other half should be haploid (n). DiVerent homologous triads, however, segregate independently from each other; as a result, the meiotic product can be disomic for some chromosomes while being haploid for the other chromosomes (i.e., aneuploids). As expected, the majority of the fusants from the HD and HA crosses were >2n while some were not diVerent from 2n. The isolation of diploid fusants suggests that triploid nuclei might not be stable and can lose chromosomes quickly. The isolation of meiotic progeny with nuclear content >2n also indicates improper chromosome segregation during meiosis.
In this study, we used diploid and aneuploid strains as parents in crosses. The diploid strains also exist in natural C. neoformans populations, comprising about 8% of the C. neoformans serotype A isolates (Lin et al. 2009) . It is therefore possible that HD and HA crosses could also occur in nature. If such crosses occur and if the mtDNA inheritance in these crosses is as leaky as they are identiWed here, we should expect to identify signatures of mtDNA recombination in natural populations. Signatures of recombination were recently found in natural populations of Cryptococcus gattii, a closely related species of C. neoformans (Xu et al. 2009 ). At present, there is limited information about mitochondrial population structure in natural populations of C. neoformans.
